Renewable energy from Photovoltaic (PV) Systems is poised to reach the major milestone of grid parity in the coming years due to substantial decreases in the cost of silicon based PV technologies. One of the remaining hurdles to overcome in order to achieve grid parity is the Balance of System (BoS) cost which includes all of the costs other than the PV modules and electrical inverters. This paper presents a novel approach to the problem of racking and mounting for utility scale PV power plants and urban canopy applications with a new racking system design and installation process model. The goal of this design is to provide the most cost effective racking system for utility scale PV arrays. This system, called the Quad Pod, is predicated on the principles of pre-assembly to minimize labor cost and ultra efficient long span truss design to minimize material cost. Additionally, both approaches yield significant improvements in installation time and worker safety and comfort.
INTRODUCTION AND PROBLEM OVERVIEW

Current trends in the Photovoltaic industry
In the United States alone, the market for solar photovoltaics (PV) has grown by 800% from 2005 to 2012, with installed capacity rising from 4.5 GW to 65 GW (Aansen et al. 2012) . At this rate, it is expected that the cost of alternative generation of electricity could become equal to or cheaper than conventional generation in the near future. To reach this goal, known as grid parity, it is necessary to push the cost of PV systems down by 50-75% (Energy.gov 2011) . Historically, the cost structure of solar PV systems was dominated by the cost of silicon cells. In 2012, given the significant decrease in the cost of raw silica, the market has seen PV module prices dropping from $4.00 per Watt to $1.00 per Watt in 2012 (Aansen et al. 2012 ).
Focusing efforts solely on efficient utilization of silicon is no longer a viable long-term strategy for maintaining the market growth rates. Module prices might be expected to decrease another 30 percent; however, this alone will not drive the system cost to grid parity. Experts agree that the most significant contribution needs to come from a drastic reduction of the "balance of system cost" (Bony et al. 2010) . Balance of System (BoS) costs are all costs associated with a PV system, except the cost of the PV modules and the inverters. They encompass all auxiliary components that allow the system to function, as well as labor costs and soft costs required to implement a solar system project. From the hardware side, balance of system includes mounting and racking hardware, electrical wiring, interconnects and monitoring equipment. Labor costs include mounting, racking, and electrical labor. Soft costs include permitting, inspection, grid tie hardware, overhead, and profit. Currently, BoS costs account for more than 50 percent of the total installed cost of solar energy systems; while inverters and modules are approximately 10-15 and 40-60 percent respectively for ground mount installations (Feldman 2013) .
In recognition of the potential for solar PV to contribute to US energy independence and security goals, the United States Department of Energy (DoE) launched the SunShot initiative in 2010. The SunShot initiative aims to decrease the cost of solar energy by 75% by the end of the decade, to be achieved by reducing technology costs, grid integration costs, and accelerating solar deployment by reducing utility scale solar PV to $1 per Watt (U.S. Department of Energy 2012). Given the diffuse cost structure of solar PV systems, there is the need to recognize that no single component can accomplish alone the SunShot cost reduction objectives. Multiple cost drivers must be concurrently addressed, including material cost, manufacturing cost, business process, on site labor and equipment usage. This condition implies the need to identify new opportunities for systems integration that could eventually lead to more significant innovation in the field.
The concept developed by the Georgia Tech SIMPLE BoS team addressing the SunShot objectives of reduced BoS costs for ground mount and long span canopy applications is called the Quad Pod System; the development of which is the focus of this paper. For a broad overview of the SIMPLE BoS project methodologies and work products see Cavieres et al. (ARCC 2013) . Detailed design solutions for deployable PV arrays and for the aggregation of PV laminates into ganged solar modules can be found in papers by Sharif et al. (IJAC 2013) and Gentry et al. (ASC 2013) .
QUAD POD MOTIVATIONS, APPROACH, & CLAIMS
Why ground mount
Currently there is approximately 9,400 megawatts (MW) of solar power production in the United States (SEIA 2013). Utility-scale ground mount accounts for 1,200 MW with an additional 16,000 MW of utility-scale projects currently in development (Mendelsohn 2012) . Utility-scale is defined by the National Renewable Energy Laboratory (NREL) as a five-megawatt or larger PV installation and therefore requires a substantially different approach to installation as compared to smaller residential or commercial rooftop projects (Mendelsohn 2012) . The sheer scale of most ground mount PV power plants (tens of thousands of modules at a minimum) offers an opportunity to rethink the process of installation at each step in order to yield maximum economic benefits for the industry.
The Quad Pod concept
The Quad Pod (QP) is a three-dimensional truss racking & mounting system for large-scale PV power generation infrastructures. The system is universal and is predicated on the principles of large-scale pre-assemblies and material reduction through the use of deep three-dimensional trusses. PV modules are aggregated into a structural mega-array in a pre-assembly facility near the installation site, loaded onto a flatbed truck, and deployed to the site as a complete prefabricated system thus moving the vast majority of assembly activities into a central controlled environment. The space truss allows the assembled mega-array to be stiff enough to be handled as a single prewired unit by conventional rigging equipment without racking or damaging the PV modules and then to be installed with fewer ground connections in the field due to the long span capabilities of the system. This is a major improvement as compared to existing best in class systems such as the Solar Flexrack TM and other comparable systems where modules are still attached to the racking system in the field in suboptimal conditions (and which function largely in flexure, thus necessitating the use of much more material than the QP system). The only work to be completed in the field with the QP system is the connection of the mega-array to the pre-positioned ground ballasts and the attachment of the quick connect electrical jumpers between QP arrays. Moving the majority of the assembly work indoors will greatly improve productivity, quality control, assembly automation and worker safety; thus resulting in reduced labor and overhead costs. Material consumption is reduced through the use of structural truss principles that allow the system to achieve much higher degrees of stiffness with less material through deep geometric configurations; thus yielding significantly reduced hardware costs.
Quad Pod claims
The benefits of the system are articulated below via three thematic domains: Process, Material, and Application improvements.
Process:
a. Pre-assembly: The QP system allows for a mega-array to be preassembled, pre-wired, partially pre-grounded and electrically tested in a central controlled environment and then transported to its final position via lifting equipment. b. Safety and Quality: The QP system allows for indoor or tent-protected pre-assembly of modules providing improved worker safety, improved efficiency, improved comfort and protection from the elements, extended workdays and elimination of time lost due to inclement weather (mega-arrays can be assembled indoors regardless of weather), and can accommodate modest automation of array assembly using robotic arms if desired. Less damage to modules due to improved handling is also expected to yield fewer module failures in the installed array. c. Mobile infrastructure: The QP system pre-assembly process requires very little assembly infrastructure, therefore allowing local mobilization of existing leasable warehouse space or large-scale tent for pre-assembly.
Material:
a. Material selection: The QP system is constructed solely of structural components made from low-cost ubiquitously available galvanized steel members in place of custom aluminum extrusions. This material change provides immediate impact given lower steel prices and will continue to yield additional benefits as aluminum prices are predicted to increase significantly in the near future. b. Reduction: The QP system's deep truss allows the array to span much further between supports thus reducing the number of costly ground connections required per watt adding to the overall system savings. c. Elimination: The QP system electrical homeruns are integrated into the bottom chord of the truss during the pre-assembly process eliminating the need to construct electrical homeruns of rigid conduit and pulled wire in the field. This homerun management system allows for ease of access for inspection and maintenance throughout the system's service life.
Application:
a. Versatility: The QP system can be deployed in ground mount utility installations, long span canopies over surface parking lots, on low slope commercial roofs with complex mechanical configurations, and over public spaces to provide shade. b. Universality: The QP system can work with a majority of frame types from leading manufacturers. A survey of the most widely used modules shows that the QP system can be used with more than 85% of commercially available mono-crystalline and poly-crystalline modules.
QUAD POD DESIGN DESCRIPTION
System overview
The QP system has been designed to carry a 2X12 array of either 60 or 72 cell PV modules in portrait orientation (Figure 1) . The double row configuration allows for a balanced loading on the truss below and a maximized ratio of 2:1 rows of PV modules to rows of structure. The modules are the primary cladding element on the structure and are therefore the source of the most significant loading on the truss; that being wind and snow live loads. Each module is attached only at the nodes of the truss, eliminating most of the bending in the truss members. The truss is attached to concrete ballast ground connections via an adaptable tetrahedral steel tube connector that allows for variable tilt angle and irregularities in the ground conditions.
Truss design
The three-dimensional truss design is based on a linear triangulated configuration of galvanized steel tubes, angles, and channels connected with off the shelf stainless steel hardware. The primary innovations of the system reside in the connection details and assembly process. All connection features are formed directly into the truss members and are connected via simple bolting operations in order to improve assembly efficiency. The connections are configured in such a ways as to be 'self-reinforcing' confined nodes with minimized eccentricity at each connection. This approach allows for a simplification and reduction of components at connections enabled via inexpensive manufacturing techniques of flattening, folding, and punching. This reticulated structure explodes material out from the geometric center to provide a deeper structural section and greater moment of inertia, thus reducing weight while increasing stiffness.
The structure is designed to work with supports at two interior points resulting in two cantilevered sections projecting from either end of the truss. These cantilevered sections flank a simple span in the middle (Figure 1 ). This configuration allows for minimized ground connections and a balancing of forces globally resulting in decreased stresses in individual truss members at mid-span. The optimal support configuration for the design is to have two modules cantilevered on either side (2 meters) and six modules spanning in the middle (6 meters) with two modules aligning directly above the ground supports and thus not contributing to any span at all. This design essentially follows the one-third cantilever, two-thirds simple span design principle.
Figure 1. Quad Pod System Overview -Assembly and Support Configuration
Aluminum framed PV modules certified according to UL 1703 are designed to carry significant loads within their perimeter structure. The QP system leverages the capacity of the frame by allowing the modules to cantilever off the truss on one end by a ratio of 1/3 cantilever to 2/3 simple span in a typical 72 cell module. For 60 cell modules the cantilever to simple span ratio is reduced, thus decreasing internal stresses in the module. This cantilevered module approach, along with variable polymeric spacers and bolting action at the connections, allows for extreme variability in the connections and a nearly universal fit between the QP system and most commercial PV modules. The system is ideally designed to work with 72 cell modules for maximum cost reduction.
Connections
Historically the primary barrier for the utilization of three-dimensional truss structures on solar racking systems has been the design and manufacture of connections that are simultaneously easy to manufacture, tolerant of field conditions, yet geometrically complex enough to accommodate non-planar nodal connections involving three or more truss members. The general approach to connections for the QP system is based on two principles: minimize eccentricity and form stiff connection features directly into primary structural members in order to reduce parts and simplify assembly, to get as close to a 'click in' system as possible. Eccentrically loaded connections are one of the most common causes of structural failure (see below for a description of the initial structural load test failure mode). Great efforts have been made to minimize eccentricities at all connections and reinforcing strategies are used where necessary.
Two typologies of connection exist in the system. One typology at the truss bottom chord, here called the 'Apex Node', and the second typology at the truss top chord, here called the 'Top Node'. In both typologies a steel tube is flattened, punched, and stamped in order to make the structural transitions between all of the truss members at different angles. The component design that allows for these connection typologies to be integrally formed into the primary web strut member is called the Cobra-Con Connector (Figure 2 ). The Apex Node resolves five truss vectors while the Top Node resolves only four. The bolt that connects all of the members is a ½" diameter grade 8 stainless steel hex bolt designed for shear. The Top Node connection is designed to receive the hardware to attach the modules to the truss. By using a threaded coupler the system is able to accommodate variable amounts of torque on the bolt coming from the truss on the bottom and from the bolt coming from the module attachments on the top (Figure 3) . Therefore all loads are maintained 'inline' while allowing for variable clamping pressure on the module frames above to reduce the risk of damage to the module and in order to allow future module replacement without disrupting the truss below. A family of polymeric spacers and aluminum top clamps are used to accommodate variability in frame width while differing bolt lengths accommodates variability in module depth.
Cost projections
Initial models show the QP system to save 68% compared to existing utility scale 2010 baseline cost through use of prefabrication, preassembly, standardization, structural/material efficiency, construction automation, labor optimization, and simplified ground connections. The Quad Pod System is estimated to cost $0.051/watt in BoS labor, resulting in a $0.05/watt savings in labor reduction. An estimated $0.11/watt is saved in BoS materials, a 58% reduction from 2010. However, current industry standards place BoS material costs from $0.25-0.44/watt. The QP system has BoS material costs of $0.087/watt, a significant reduction from current industry trends. The largest cost savings associated with QP arise from the markup on materials, overhead costs, and profit, calculated at $0.04/watt total, a reduction of 90% from the 2010 baseline for utility installations (NREL 2012). The reduction in overhead is due to changing industry standards and the reduction in overall material and labor costs.
DESIGN PROCESS AND TESTING
Parametric truss design methodology
In order to rapidly understand the structural implications of various geometric configurations, the team constructed a digital parametric wireframe. This wireframe took in variables adjusting truss depth as well as the size of the gap between the modules and the depth of the connections. The model did not reduce the connection to a single node, but rather had wires that represented tributary areas of the connection, and a line normal to the plane of the solar modules that extends out to engage the primary truss members. This specificity allowed the analyst to garner more exact results of the shear forces experienced by the plates and the connection bolt, and the induced moments by the length of the connection bolt.
After establishing this parametric framework, the wireframe was imported into a structural analysis software to perform linear elastic analysis, after which results are tabulated and compared. The primary variables that were examined were truss depth and support conditions, of which the team explored three permutations: 1) simply supported, with supports at the ends of the 12 module span; 2) interior supports splitting the array into spans of 3 module (cantilever), 6 module (simple span), and 3 module (cantilever); and 3) spans of 2 module (cantilever), 4 module (simple span), 4 module (simple span), and 2 module (cantilever). These were then each analyzed at truss depths of 36", 48", and 60". This comparison allowed the team to evaluate the trade-offs for long spans and deep trusses relative to material costs. By also using a chart that graphs the Euler buckling capacity of various steel tube diameters at several lengths, the team could make intentional decisions about the optimal use of material as per the truss configuration.
Full scale structural load testing
In December 2012 a full-scale mockup of the Quad Pod concept, fabricated using an earlier iteration of the PV module to strut connections was tested for wind loading per UL 1703, which specified the loading requirements for individual PV modules and UL 2703, which specifies the loadings for PV systems (Underwriters Laboratory). The loading specified was 45 pounds per square foot (PSF) downforce, along with a separately applied uplift loading of 36 psf. A successful test at this loading would certify the quad-pod for use in all regions of the United States except those with extreme snow loads. The loads in UL 1703 and 2703 are higher than those from ASCE 7-10 (Minimum Design Loads on Buildings and Other Structures) due to the application of additional safety factors in the UL standards.
The Quad Pod was installed flat during the test, and the load was applied using sandbags (Figure 4) . At a loading of around 3000 pounds total (about one-half of the target load of 6,300 pounds), the structural system exhibited excessive incremental deflection with application loading, indicating the onset of structural failure. Strain gages and displacement sensors pinpointed the location of the failure, which occurred at the interface between a diagonal strut and the corner of one of the modules ( Figure 5 ). Despite the local failure, the overall assembly performed well and the load was increased to 5000 pounds before the test was ended. The conclusions from this test were as follows: (1) the diagonal struts demonstrate the axial capacity to resist the applied loadings, (2) the crimped connections worked well, but the eccentricity caused by a crimped and bent connection must be accommodated in the structural design by local stiffening of the connection, and (3) an earlier design decision to integrate the aluminum frame of the module into the truss system as structural members of the truss was difficult to achieve due to the complex connections needed to transfer both tension, compression and shear between the aluminum PV module frame and the tubular steel members. 
CONCLUSION
The Quad Pod system is currently in 60 percent pre-commercial design phase. The team is working through a second iteration assembly study and structural load test to validate numerical engineering predictions. The team anticipates having a 2X12 module array prototyped and field-tested in Atlanta, Georgia by the end of 2013 with UL 2703 testing to run concurrently by an independent lab (Intertek). UL 2703 will certify the electrical performance and material degradation over time of the system. Once the system has passed all structural load testing, wind tunnel testing, field installation testing and UL certification the system will be ready for commercial deployment. Time and motion studies will run concurrently with field-testing in order to document and optimize the field assembly procedure. Time and motion studies will also yield detailed documentation and user assembly guides. Additional design for manufacturing work with industry partners is anticipated in early 2014 in order to optimize the material supply chain and manufacturing processes. The system is projected to see commercial deployment in the fourth quarter of 2014.
